Surface waters can contain a range of micropollutants from point sources, such as wastewater 37 effluent, and diffuse sources, such as agriculture. Characterizing the source of micropollutants is 38 important for reducing their burden and thus mitigating adverse effects on aquatic ecosystems. In 39 this study, chemical analysis and bioanalysis were applied to assess the micropollutant burden 40 during low flow conditions upstream and downstream of three wastewater treatment plants 41 (WWTPs) discharging into small streams in the Swiss Plateau. The upstream sites had no input of 42 wastewater effluent, allowing a direct comparison of the observed effects with and without the 43 contribution of wastewater. Four hundred and five chemicals were analyzed, while the applied 44 bioassays included activation of the aryl hydrocarbon receptor, activation of the androgen receptor, 45 activation of the estrogen receptor, photosystem II inhibition, acetylcholinesterase inhibition and 46 adaptive stress responses for oxidative stress, genotoxicity and inflammation, as well as assays 47 micropollutant burden, but further source control measures will be required. 59 60 Keywords: wastewater; micropollutant; chemical analysis; bioassays; surface water; mixture 61 modeling 62 63 64 hundred and five chemicals were analyzed and the applied test battery included assays indicative of 126 activation of AhR, activation of the AR, activation of the ER, PSII and algal growth inhibition, 127 AChE inhibition, mutagenicity and adaptive stress responses for oxidative stress, genotoxicity and 128 inflammation, as well as assays indicative of estrogenic activity and developmental toxicity in 129 zebrafish embryos. A mass balance approach was used to calculate the fraction of effluent 130 downstream based on both chemical analysis and bioanalysis, while mixture toxicity modeling was 131 applied to assess whether the detected chemicals were contributing to the biological effect. 132 133 134 157
indicative of estrogenic activity and developmental toxicity in zebrafish embryos. Chemical 48 analysis and bioanalysis showed higher chemical concentrations and effects for the effluent 49 samples, with the lowest chemical concentrations and effects in most assays for the upstream sites. 50
Mixture toxicity modeling was applied to assess the contribution of detected chemicals to the 51 observed effect. For most bioassays, very little of the observed effects could be explained by the 52 detected chemicals, with the exception of photosystem II inhibition, where herbicides explained the 53 majority of the effect. This emphasizes the importance of combining bioanalysis with chemical 54 analysis to provide a more complete picture of the micropollutant burden. While the wastewater 55 effluents had a significant contribution to micropollutant burden downstream, both chemical 56 analysis and bioanalysis showed a relevant contribution of diffuse sources from upstream during 57 low flow conditions, suggesting that upgrading WWTPs will not completely reduce the 58
Introduction 65
Surface waters can contain a wide range of micropollutants, including pesticides, pharmaceuticals, 66 personal care products and industrial compounds (Loos et al., 2009; Moschet et al., 2015) , which 67 have the potential to adversely impact exposed ecosystems (Malaj et al., 2014; Stalter et al., 2013) . 68
To mitigate the effect of micropollutants on the aquatic environment, it is important to identify their 69 sources, which can be either from point sources, such as wastewater effluent discharges, or diffuse 70 sources, such as agriculture (Eggen et al., 2014; Maletz et al., 2013) . This can help to inform 71 solutions to reduce the concentration and bioactive fraction of micropollutants, i.e., the 72 micropollutant burden, in surface waters, which may include upgrading wastewater treatment plants 73 (WWTPs) or regulatory changes, such as banning certain chemicals (Schwarzenbach et al., 2006) . bioanalytical test batteries ideally including assays indicative of induction of xenobiotic 87 metabolism, endocrine disruption, reactive modes of action, adaptive stress responses and 88 cytotoxicity . 89
The complementary approach of chemical analysis and bioanalysis has been applied to 90 monitor water quality and to evaluate WWTP and advanced water treatment plant efficiency 91 (Creusot et al., 2014; Jálová et al., 2013; Margot et al., 2013; . Applying bioassays 92 and chemical analysis in parallel overcomes the limitations associated with the individual 93 approaches and can reveal the presence of potent undetected chemicals and identify chemicals that 94 contribute to the observed effect (Escher and Leusch, 2012) . Mixture toxicity modeling can be used 95 to determine the fraction of the observed effect that can be explained by detected chemicals using 96 the bioanalytical equivalent concentration (BEQ) approach (Neale et al., 2015a) . Bioanalytical 97 equivalent concentrations from chemical analysis (BEQ chem ) are calculated using the detected 98 chemical concentration and their relative potency, which can be compared to bioanalytical 99 equivalent concentrations from bioassays (BEQ bio ). For example, detected chemicals can often 100 explain a high percentage of estrogenic activity (Leusch et al., 2014; Murk et al., 2002) , while only 101 a small fraction of non-specific effects or adaptive stress responses can typically be explained (Tang 102 et al., 2013; Yeh et al., 2014) . 103
In this study, both chemical analysis and bioanalysis were applied to assess the 104 micropollutant burden in small streams upstream and downstream of three WWTPs, with the 105 upstream sites not being affected by inputs of treated wastewater. The water samples were collected 106 under low flow conditions to minimize the impact of diffuse sources. The analyzed chemicals were 107 primarily pharmaceuticals and pesticides, with the other analyzed chemicals including biocides, 108 food additives, illicit drugs, industrial chemicals and estrogens. The biological effects were 109 evaluated using a suite of in vitro assays, which represent different cellular toxicity pathways, 110 including xenobiotic metabolism, receptor-mediated effects, adaptive stress responses and 111 cytotoxicity, as well as whole organism assays with algae and zebrafish embryos. Assays indicative 112 of xenobiotic metabolism, such as activation of the aryl hydrocarbon receptor (AhR), and adaptive 113 stress responses, such as the oxidative stress response, can respond to a range of compounds with 114 different modes of action (Martin et al., 2010; US EPA, 2015) . In contrast, assays indicative of 115 receptor-mediated effects can provide information about the presence of chemicals with a common 116 specific mode of action. For example, hormone-mediated effects including activation of the 117 estrogen receptor (ER) and activation of the androgen receptor (AR) can detect natural and 118 synthetic hormones, as well as other environmental endocrine disrupting compounds, which are 119 often associated with wastewater (Vethaak et al., 2005) . Further, assays indicative of inhibition of 120 photosystem II (PSII) and of acetylcholinesterase (AChE) are more suitable to detect chemicals of 121 an agricultural origin as they can detect PSII inhibiting herbicides (Escher et al., 2008a) and 122 organophosphate and carbamate insecticides (Hamers et al., 2000) , respectively. 123
The current study aimed to assess the impact of wastewater effluent on the micropollutant 124 burden in small streams using a complementary chemical analysis and bioanalysis approach. Four 125
Materials and Methods 135

Sampling 136
Three WWTPs, Birmensdorf, Muri and Reinach, in Switzerland were the focus of the study. The 137 location of the study sites is shown in Figure S1 of the Supplementary Material, with information 138 about treatment processes, catchment size and land use provided in Table S1 . All selected sites had 139 an average dry weather flow rate greater than 10 L/s, had no input of treated wastewater upstream 140 and greater than 20% wastewater input downstream during low flow conditions. For further details 141 and exact sampling locations refer to Burdon et al. (2016) and Stamm et al. (2016) . Within each site 142 there was comparable land use (Table S1) The water extracts were analyzed in 11 bioassays, representing 13 different endpoints. A summary 206 of the applied bioassays can be found in Table 1 , with detailed information provided in Section S1. 207 208
Data Evaluation 209
The data were evaluated using linear concentration-effect curves to determine the concentration 210 causing 10% effect (EC 10 ) or effect concentration causing an induction ratio of 1.5 (EC IR1.5 ) ( uncertainty, leading to a f eff outside of the range of 0 to 1. These values, which were all in the low 258 ng/L range, were excluded from the f eff calculation. Likewise for f eff derived from BEQ bio, only 259 those bioassays that were above the detection limit in all three samples were used. Therefore 260 activation of AR and algal growth inhibition could not be included. The uncertainties associated 261 with the f eff estimates were quantified by error propagation of the measurement uncertainty, as 262 described in detail in Section S2. 263 78 of the 400 chemicals were also analyzed in the wastewater effluent. Further, 5 estrogenic 271 chemicals were only analyzed in the effluent samples, as these compounds are often present at or 272 below the analytical limit of quantification in surface water. In total, 191 chemicals were detected at 273 least once, with the detected concentrations provided in Table S3 . These data highlight the relevance of using whole organism assays complementary to reporter gene 341 assays, as it allows the identification of samples that can induce both estrogenic effects and/or 342 developmental toxicity in fish. 343
All samples had an effect in the zebrafish embryo acute toxicity assay, though there was no 344 significant difference in lethal effect between all sites after 120 h ( Figure S10 ). Due to volume 345 demands, the assay was only run at a single concentration, so EC values could not be determined. 346
The applied REFs ranged from 25 to 50, which were higher than the maximum REF applied in the 347 transgenic cyp19a1b-GFP zebrafish assay, where mortality was observed in the Birmensdorf and 348
Reinach effluents at lower REFs (4.4 and 5.8, respectively). The result was also unusual as very 349 little effect was observed at 24 and 48 h, though some sublethal effects, including malformations 350 and reduced blood circulation, were observed at 48 h ( Figure S10) . This suggests that DOC is most likely interfering with the AChE inhibition assay and therefore the 390 assay will not be used further for mixture toxicity modeling. The effect of DOC has been previously 391 assessed for cell based assays, with negligible effect found in agonist mode ( For the f eff calculated from bioassays, the EC values were converted to BEQ bio (Table S5) , 407 which provides the concentration of a reference compound in molar units that would have the same 408 response as the sample extract. Figure 2 shows a good agreement between the mean f eff calculated 409 from individual chemicals and f eff calculated from BEQ bio for activation of ER, 2h PSII inhibition 410 and oxidative stress response. For example, f eff for 2 h PSII inhibition ranged from 0.22±0.13 to 411 0.26±0.21, which fits within the range of f eff calculated for individual PSII herbicides (0.15 to 0.45) 412 (Table 2) . In contrast, f eff for activation of AhR at Muri and Reinach were higher than mean f eff 413 based on chemical analysis, with f eff up to 0.87±0.47 at Reinach. However, there was high 414 uncertainty associated with the calculation of f eff for BEQ bio for the AhR assay (coefficients of 415 variance ranging from 56 to 258%). This was due to the small differences seen between the 416 BEQ bio,up and BEQ bio,down as well as BEQ bio,up and BEQ bio,eff for AhR at all sites resulting in very 417 small numbers for both the nominator and denominator in Equation 5, with associated large errors 418
of the resulting f eff . 419
Further, it should be noted that grab samples were used in this study to derive f eff . Therefore, 420 potential daily variations in effluent discharge may alter f eff , though the fact that f eff was similar for 421 all three sites supports the application of the current approach under low flow conditions. 422
Nevertheless, overall we conclude that there is a reasonable agreement of the mass balance over 423 upstream, downstream and effluent locations for BEQ bio and the chemical analysis. This has been 424 previously observed for chemical analysis, with Fairbairn et al. (2016) finding that the downstream 425 composition could be generally explained by physical mixing of upstream river water and 426 wastewater effluent using a mass balance approach. 427 428
Mixture Toxicity Modeling 429
Mixture toxicity modeling was applied to determine if the detected chemicals were contributing 430 significantly to the observed effect. Between 2 and 26 EC values were found in the literature or 431
ToxCast database for the detected chemicals in the studied assays, respectively. Out of the 191 432 detected chemicals, 135 and 142 chemicals were included in the ToxCast database for the oxidative 433 stress response and activation of AR assays, respectively (Table S6 ). For the oxidative stress 434 response assay, 26 of the detected chemicals were active, 109 were inactive and no information was 435 available for 56 chemicals, while only 6 were active in the activation of AR assay, with 136 inactive 436 and no information available for 49 chemicals. As discussed above, none of the detected chemicals 437 in the ToxCast database had a response in the NF-κB response assay so it was not possible to determine BEQ chem . Large screening datasets with known active and inactive chemicals were not 439 available for the other studied assays, with available EC values instead collected from the literature. 440
The available EC values were used to calculate REP i values (Table S7) , which, along with detected 441 chemical concentrations, were used to calculate BEQ chem (Table 3) . BEQ bio and BEQ chem were 442 compared to assess what fraction of the effect could be explained by detected chemicals (Table 3) However, only a small fraction of the effect could be explained for the ER activation assay in the 458 current study as the chemical analysis focused primarily on emerging contaminants, such as 459 pharmaceuticals and pesticides, rather than natural and synthetic estrogenic contaminants, with only 460 five estrogenic chemicals analyzed in the effluent samples. Three estrogenic chemicals, estrone, 461 bisphenol A and 4-nonylphenol, were detected in the effluent and could explain only up to 0.4% of 462 the observed effect. Potent estrogenic chemicals 17α-ethinyl estradiol and 17β-estradiol were also 463 analyzed in wastewater effluent, but were not detected above the limit of quantification. The 464 detection limits for 17α-ethinyl estradiol and 17β-estradiol were in the low ng/L range (0.3 and 0.1 465 ng/L, respectively), though the detection limit for 17α-ethinyl estradiol is still over an order of 466 magnitude higher than the proposed environmental quality standard of 0.035 ng/L (European 467 Commission, 2012). The measured BEQ bio values are similar to previously measured BEQ bio values 468 for surface water and wastewater (Jugan et al., 2009 ) and shows that the activation of ER assay is a 469 sensitive tool to detect the presence of estrogenic compounds and can be used complementary to 470 chemical analysis that is often not sensitive enough for the low effect thresholds. In comparison, 471 few studies have assessed the contribution of the detected chemicals to the activation of AR. Bellet study, could only explain up to 5.5% of AR activity in raw wastewater. In the current study, EC 474 values were available for six of the detected chemicals in the ToxCast database, with only up to 475 0.4% of AR activity explained. 476
The majority of PSII inhibition at 2 h was explained by ten of the detected chemicals, with 477 the herbicides diuron and terbuthylazine mostly contributing to the effect. Previous studies have 478 also shown that detected herbicides can often explain the majority of PSII inhibition ( Thirteen further PSII inhibitors, including bromacil and hexazinone, were analyzed in the upstream 483 and downstream samples, but were not detected above the limit of quantification; however, it is 484 possible that the presence of low concentrations of these compounds could still contribute to the 485 effect. Further, herbicide transformation products may also contribute to the effect; however, as can 486 be seen in Table S7 , transformation products, such as atrazine-desethyl and atrazine-desisopropyl, 487 are often less potent than their parent compounds. In contrast to PSII inhibition, only up to 73% of 488 algal growth inhibition was explained by 7 detected compounds, which were all PSII inhibiting 489 herbicides. Thus, the presence of other detected herbicides, such as mecoprop and metolachlor, may 490 have contributed to the effect on growth rate, but EC values were not available in the studied assay. The combination of chemical analysis and bioanalysis proved to be a valuable complementary 506 approach to monitor the micropollutant burden in the aquatic environment. Bioanalysis provided 507 information about the mixture effects of additional chemicals in the samples, while the chemical 508 analysis showed differences in the chemical pollution profiles at the different sampling locations. 509
Mixture toxicity modeling was performed to assess the contribution of detected chemicals to 510 the observed effect, with the fraction explained varying for the different assays. The lack of effect 511 data for the detected micropollutants in the different assays was a major limitation and future work 512 should focus on fingerprinting the effect of common water pollutants including the question of 513 which chemicals and which biological endpoints a comprehensive effect analysis would encompass. 514
Further, this study shows that micropollutants, including pharmaceuticals, pesticides and 515 corrosion inhibitors, are being discharged into small streams at nanomolar concentrations, with 516
WWTPs as one of the main sources during low flow conditions. While less contaminated, the 517 upstream sites were far from pristine, with agriculture contributing to the detected chemicals, as 518 indicated by elevated concentrations of some pesticides detected, which was also reflected in the 519 bioanalytical results. To our knowledge we have for the first time expanded a mass balance model 520 Algal growth BEQ bio <1.80×10 -10 1.33×10 -9 4.54×10 -10 3.19×10 -10 6.73×10 -9 1.53×10 -9 <1.80×10 -10 1.24×10 -9 3.46×10 -10 29 inhibition BEQ chem 3.04×10 -11 9.71×10 -10 2.20×10 -10 1.68×10 -11 1.83×10 -9 4.39×10 -10 2.65×10 -11 3. BEQ chem 2.02×10 -10 6.51×10 -10 2.82×10 -10 3.53×10 -11 3.92×10 -9 9.06×10 -10 4.56×10 -11 5.77×10 -10 1.88×10 
